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(54) METHOD FOR SEPARATING CARBON DIOXIDE 
FROM OTHER GASES 

nB ( - 71 2 7 e 'u M P E SAFETY APPLIANCES COMPANY, a corporation 
AmS? iSTn C ? mmonw ^ lth of Pennsylvania, United Sates of 

f« • B " d * x * Avenue ' Pittsburgh, Pennsylvania 15208, United 

states oi America, do hereby declare the invention, for which we pray that a patent 

ffi d!S^ 10 Ifl^ * e 1I me . thod b y whi * h is to be performed, to be particu- 
larly described in and by the following statement : 

This invention relates to the separation of carbon dioxide from other gases and 
more particularly to a method in which carbon dioxide is sorbed from a mixture of 
gases on a weak base ion exchange resin and desorbed from the resin with steam. 

Carbon dioxide is separated from gas mixtures in the manufacture of carbon 
maSS, aS « l t ( . S M rpD< ? 1 fr ° m - flus / a - ses from burning of carbonaceous 

materials, as well as in a variety of situations in which the primary purpose of the 
separation is to remove carbon dioxide from a desired product gas. Thus carbon 
^rii S J""?** 1 £° m P?*? 5 gases or ^esis gas in steam-hydrocarbon reform- 
ing methods of producing hydrogen, ammonia and methanol. Carbon dioxide is also 
removed from gaseous air-hydrocarbon combustion products to produce oxygen- and 
carbon dioxide-free men gas atmospheres, for example in providing inert atmospheres 
for fruit and produce storage. And, in providing habitable atmosphere to chambers 
such as submarines and space capsules, exhaled carbon dioxide must be removed from 
tne atmosphere. 

rort^J^ 0 ^.? 6 i nv ?°?' on > a m i»"re containing carbon dioxide is con- 

-a • ° f V 88 ? ,0 * tesin that sorbs carbon dioxide and the 

carbon dioxide ,s subsequently desorbed and the resin bed regenerated by condensing 
£ Tx m ~! 1x6 begmnu ? g at ons ead of the bed and progressing through the entire 
bed - lhe "earn regenerauon procedure sequentially elutes from the bed first the non- 
sorbed gases other than carbon dioxide that are retained in the free space of the bed 
™,W^ff n i^ ^ OT -J d ca 5 b0 « dioxide. This mode of regeneration provides a higher 
ofS kvention °° dl0xlde " free S 33 311(1 constitutes a primary feature 

The method is suitable for separating carbon dioxide from gas mixtures contain- 
ing air, inert gases such as helium, neon and argon, diatomic permanent gases such as 
hydrogen, oxygen and nitrogen, and other non-acid gases that are not sorbed by the 
weak base ion exchange resins. Gas mixtures containing acid gases such as sulfur 
oxides in flue gases, can be pretreated by conventional methods to remove the acid 
gas pnor to their introduction to the carbon dioxide separation process. 
t . lS 3 show ? partly in section and partly schematic an apparatus for performing 
tne method of this invention; 

Fig. 2 schematically illustrates the condition of the resin bed of Fiir 1 durins a 
regenerauon cycle. 

Weakly basic ion exchange resins are generally suitable for use as an sorbent in 
the pracuce of tins invenaon. Such resins have primary, secondary and/or tertiary 
amine funcnonally acavc groups attached to a polymeric matrix. The polymeric 
Sff 1 1* ma7 , J CO u nV ! ntl0n , a,l5r b ? Pdystyrene, polystyrene-divinylbenzene copolymer, 
phenol-formaldehyde, polyacrylic acid, polymethacrylic acid-divinylbenzene copolymer, 
or an epoxide type polymer. A large number of such resins are commercially available 
and are usable in this invention, with varying degrees of suitability. 
[Price 2Sp] 
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Preferred weakly basic ion exchange resins, ihac have an especially high affinity 
and capacity for carbon dioxide and may be repeatedly regenerated without substantial 
impairment of sorption characteristics, include those resins in which the active group 
has polyamine functionality and contains at least one secondary amine -nitrogen. Such 
materials are prepared by the reaction of addition or condensation polymers with poly- 
functional amines having a secondary amine nitrogen such as, for example, diethylcnc- 
triamine, triethylenetetramine and tetraethylencpentamine. Such preferred resins 
include polyacrylic add-polyaminc resins prepared acc rding to U.S. Patent 2,582,194 
and epoxide-polvaniine resins that are conventionally prepared by reaction of an 
epoxide resin and a polyamine in a solvent such as xylene. 

Polystyreae-divinylbenzenc copolymer gel type resins having polyamine functional 
groups are' especially preferred absorbents. Resins of this type may be prepared by 
reaction of chloromethylated styrene-divinylbenzenc copolymer with an amine such as 
diethylenetriaminc, rxiethylenetetnuninc, tetraethylenepentamine and other polyfunc- 
uonal amines. An equimolar, or in excess thereof, amount of amine for each chloro- 
methyl group forms condensation of one dblbromethyl group with one amine group 
as illustrated by the reaction using dicthylenetriamine : 

[CH 2 -CH 2 -] x 

CH 2 Cl * NH 2 -CH 2 -CH 2 -NH-CH 2 -CH 2 -NH 2 

U +.HC2 
CH 2 -NH-CH2-CH2-'NH-C»2-CH2-f! ( ';2 

If the proportion of amine is about one-half of equimolar, condensauon providing 
additional crosslinking and predominandy secondary amine functionality according to 
the following equation is favored : 

[C«2-CH2-] X 


2 I | +;JH:-C.H 2 ~CK 2 -NH-CH2-NH? 

Y 

C.H 2 Cl 

I^a ir .], [CK 2 -Oi 2 -]x 
+2HCI 


The carbon diosid; capacity of this type resin correlates to die iou exchange capacity 
and conventional methods of improving ion exchange capacity also improves the 
dynamic carbon dioxide capacity. Thus, for example, to provide suitable porosity, it is 
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T%M£ y / t iZ K i "LT co P ol y raers containing less than about 10% divinylbcnzeue, 
suitably 3-5%. Ambcrhte (Registered Trade Mark) IR-45, a chloromethylLd poly- 
copolymer animated with diethylenetriamine, is a typical com- 
mercially available resin of the preferred type. 

in ^L^ ±0i iS /Urther described * referen « to Fig. 1 which iilustrates; pardy 
X-^SSS. f PP ?^ B J ae Tcmo ™5 expired CO, from air in closed room for 
die maintenance of a habitable atmosphere. A bed 2 of weakly basic ion exchange resin 
as contained between screens 4 in a chamber 6 formed of a housing 8 having remoS 

2SZi£ 0SUr K 10 SCCUr l d flanges 12 ' A ^ of flexibl « "Pen ceU foam 13 
accommodates changes m the bed volume caused by the differing degree of swelling 
of the resins with differing water content. The chamber is provided S an air inlet 

5U ' ^ d 26> - T] ? ermal SWItches 3Q and gas volume totalizer 32 are con- 
in dLftr£ PI0 £™l? OIC V 10 0pen ^ close contro1 waives as will be described 
£h„S- fi — • . Co ? d ? B ? 29 removes w ater vapor from the discharged air when 
^S?S wW*". 1 " ? C T e I 0 a respirableatmosThere 

^rhon ? 5 4 ? I d ? Sed . 311(1 20 311(1 22 °P m > room air containing 

k V f0TOt ^™& the resin bed by blower 34, whereby carbon 3 
iSSSttt ^ ^ so ^ tion .cycle ™y be of a predetermined length of 

^ design characteristics of the particular apparatus, or it may be ter- 
minated by response to a agnal generated by detection of CO, in the oudet gales 
using conventional gas analysis control systems. 8 
a hn W J?K„ I ? iDS <:o° bC effeCtive m sorb , ins 0311,011 dwaWe contain sorbed water, suitably 
J 3 ° T !! *°*» ?*» Water PKfiwWy however the resin is not wet with unsoAed 

Z^? I ?^ hmderS ,f lrb0n dmdda abs °n>tion. The capacity of various resinTd£« 
soS Sr^-ff TO » «« oi below about 30% is substantially eSy 

fl ™«Jf h T dlty °- f £ e 535 passed through the resin bed is adjusted, 
if necessary, to provide a suitable equflibrium water content in the resin. At 75°F 
for example, a gas with a rehmve humidity of 50% will equilibrate at about 5—10 

^SSJT ^ 11 iS i—*-**"- ■ « a gasSing a 

tem n S^ d i°^- i l readiI J ?° rbed by ^ resin beds at ordinary ambient or room 
3^ ' d h J gher f nd Io r CT temperatures may be used if desired. Sorption 
^,^- U1Cr ^ ed SOm ? hat3t low 5 r temperatures above the freezing point of water" 
It if f£K ta °^,» substantially reduced at temperatures ablve about 90°F 
It is generally preferred to operate the sorption cycle at a convenient temoeraW 
cnaSff - 4? ~T F - T en >perature adjultment may be *S3^iS?E 
ISSLTT" 0 * ** b - ed for heatin S or cooling or, more convemSy, by 
adjusung the temperature of the input sas. uy 

-.t^JS" 1 -° remove ^b 011 dl ' oxide for ^ P<»pos2 of inamtaining habitable 
atmosphere, the input gas will contain about 0.4 to 05% carbon dioxide A : £e 

£EV*vf r*™! effluent ^ resin be d 5 U^5? ver£ liSe 
carbon dioxide, for example, about 0.1% or less CO,, the amount dSin^on bid 
deJ S; Sp3ce fl r veI ? citics >.the particular resin used'and oS^arSrs^ a°ccordiSg 
contTT 0 ^^ P ^ pleS ' AS Wr P tion «** proceeds, the^uent IS 
2 \ n^ ,nCTe ^ ng amount ° f carbon dioxide and when the effluS 
[fr^,„^H P P de I eniUDed , concentration the sorption cycle 

orcS?v rL ? ^ Ca ? ° f , main if inil ig habitable atmospheres, the sorption cyck is 
preferably terminated when the effluent contains about 02—0 25°' carhnu hS 
abJufS TFZJSilSr* «2*t con«ntrS,utSns^o°rb bS£ 

S "PiJS 2<25% "f 00 d,ox i de b y wei '8ht- At higher carbon dioxide conS 
trauons, a larger amount of carbon dioxide is sorbed, for example, with 2? iawt 
carbonSde^ 0 " C0QCcntr3 ^ - "sins sorb ■SoiTg £ Sfof 

rhe rS„°^ r ? n?e ^ th mvcnti on, the sorbed carbon dioxide is displaced from 
the resin bed by introducing steam to the bed while at the low temperature Tu^din t£ 
sorpuon cycle, smtably below about 90°F., whereby steam SS^, ftc cot 
densed steam is sorbed on the resin transferring the latent heat of^nWion 
» As «, i introduced and condenses on L sorbS fwoSSSSS 
proceeds lengthwise through the bed displacing sorbed cWbon dioxSe a^d Jr ?rT 
tamed m the free space of the bed. BecaiL of the increaS Tpartial CO 
S m f oS C ra »^ " ~ " S ° ^ * e ^ P ^yTme°ffi 
The regeneranon method provides an effective separation of the desorbed carbon 
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dioxide and displaced air, as is explained in detail with reference to Fig. 2. Fig. 2 
schematically represents the conditions of a resin bed 36 during regeneration when the 
condensing front has reached position 38. When steam is introduced at one end of 
the bed, it will condense on and heat the cooler resin bed, simultaneously displacing 
air while the steam pressure drops at the condensing front. The upstream steam pres- 
sure pushes more steam past the hot wet surface into contact with more cool bed 
material. The gas mixture proceeding through the bed is steam, desorbed carbon 
dioxide and air. The steam condenses in the condensation zone 1. The hot carbon 
dioxide-air mixture passing from the condensation zone is cooled by the bed in zone 
2 The carbon dioxide concentration is quite high in this region and the high partial 
pressure causes the carbon dioxide to be rapidly resorbed by the resin m amounts 
approaching the theoretical capacity of the resin, up to about 20?.' carbon dioxide by 
weight at 1 atmosphere of carbon dioxide pressure. The displaced air is no; : sorted 
so it passes to zone 3 and is first discharged from the bed oudet 40. When the lead- 
ing edge of zone 2 reaches the end of the bed, suitably determined by measuring the 
volume of gas displaced or an increase in temperature to about 90°C., some CO- 
will pass from the bed with the displaced air. Sequentially, when the condensing front 
approaches the downstream end of the resin bed, suitably determined by a further 
increase in temperature, carbon dioxide only is eluted. A feature of this regeneration 
mode is the self-correcting character of steam flow through the packed bed, thus mini- 
mizing channeling. Wherever there are sites in the bed which are cold, these sites act 
as condensation points with the water serving to increase the pressure drop. This forces 
steam to be condensed elsewhere such that die bed has a very uniform temperature in 
any cross-sectional plane. , , . 

Now with reference to Fig. 1, valve 20 is dosed and the regencrauon is com- 
menced by opening valve 24 which allows steam to enter the bed at a redetermined 
rate so that it condenses progressively through the bed as previously described. The 
displaced air first eluted from the resin bed is discharged through valve 22 and 
returned to the room air chamber through condenser 29. _ 

When the condensing front advances through the bed to the extent that the down- 
stream side of the resorption zone reaches the end of the resin bed, carbon dioxide will 
begin to be desorbed and eluted from the bed. Valve 22 is then closed and valve 26 
opened to discharge the carbon dioxide through conduit 27. The valves may be auto- 
matically operated to commence the regeneration cycle in response to a signal genera- 
ted by detection of carbon dioxide in the effluent gases. Preferably, dunng the 
regeneration cycle the valves are operated in response to a volume totalizer 32, which 
closes valve 26 and opens valve 28 through a suitable relay system. This volume 
totalizer is adjusted to signal when the volume of gas eluted corresponds to the volume 
of air originally in the bed. . 

Thermal switch 30 closes at about 210— 212°F., or at the arrival of the con- 
densing front, and actuates suitable relays to close the steam valve 24 and valve 26, 
thus ending the regeneration cycle 

Depending on whether the primary objective is to recover pure carbon dioxide or 
to remove carbon dioxide from other gas, the time of closing valve 22 and opening 
valve 26 can be adjusted to provide either a discharge through valve 26 substanually 
completely free of carbon dioxide or a discharge -through valve 27 of carbon dioxide 
substantially completely free of the other gas.4Jp to about 85% of the carbon dioxide 
or other gas can be cleanly separated at a purity of 99+%, and higher recoveries are 
possible if some contamination is permissible. 

Blower 34 is then turned on, and valves 20 and 22 are opened to commence the 
next sorption cvcle. The air flow through the bed cools it rapidly and elutes excess 
water remaining in the resin from the regeneration cycle, which is then removed from 
die air stream by condenser 29. . . 

The regeneration method that separates air and carbon dioxide is a significant 
and valuable feature whether the object of the separation is to recover either carbon 
dioxide or the air or other non-sorbed gas. For example, in life support systems in 
space where dumping of air left in the bed is costly, the separation of CO-j by our 
regeneration method permits the segregated carbon dioxide to be dumped while 
retaining substantially all the air. 

Illustrative of the effectiveness of this invention, in a run using the apparatus • 
of Fig. 1, 20 cfm of room air (S0°F.) containing 0.48% CO = was passed through a ' 
bed of Amberlite Registered Trade Mark IR-45 resin 15 inches in diameter and 5 1/2 
inches deep, and weighing 25.8 pounds. After 1 hour, the bed had sorted OJ pounds 
of C0 2 . The effluent gas contained less than 0.01 % C0 2 for a further 30 minutes, and 
then rose to 02$% at the end of the hour. Steam was then admitted to the end of the 


bed at die rate of 9 pounds per hour. After about 7 minutes the temperature of thermal 
switch 30 reached 90°r., whereupon the effluent air return to the chamber was ter- 
minated and the effluent was directed through CO, oudet 27; at this point about 95% 
■ or ? J cu ,: fe ."' of lhc air in bed had been discharged with virtually no eludon of 

5 carlTT.ii a.osi.ie. After about 6 more minutes thermal switch 30 reached "210°F. 
operating to stop ihe steam How, close valve 27 and commence a repeat of the sorption 
cycle. Ihe carbon dioxide was substantially completely desorbed and recovered The 
excess water remaining in the resin bed was eluted from the bed after about 5 minutes 
of air flow in the nesc following sorption cycle. The absorption-regeneration cycle can 

10 be repeated for an indefinite number of cycles in excess of 1.000 without any significant 
change in performance. ' 

In our co-pending Application No. 31344/70 (Serial No. 12968S8) we have des- 
cribed and claimed a method of separating carbon dioxide from mixtures with non- 
acid gases comprising the steps of contacting said gas mixture at a first carbon dioxide 

i> partial pressure with a weakly basic ion exchange resin whereby carbon dioxide is 
sorted by said resin, and reducing the carbon dioxide partial pressure of the gas in 
contact with said resin to a second partial pressure whereby carbon dioxide is desorbed 
from said resin. 

WHAT WE CLAIM IS: — 

20 1. A method of separating carbon dioxide from a mixture of non-acid gases com- 

prising the steps of passing said inisturc through a bed of weakly basic ion exchange 
resin at a temperature at which the carbon dioxide is sorbed by said resin, said bid 
Having an inlet and an oudet end, introducing steam to said inlet end under such 
conditions that the steam condenses at the inlet end and a front of co^erSng%team 

25 proceeds lengthwise through the bed, whereby displaced non-sorbed gas and desorbed 
carbon dioxide are sequentially eluted from the bed. 

2. A method according to claim 1 in which the resin has amine polyfunctionaliry 
and at least one secondary amine nitrogen. 

so „ p*££Si32£S3s* h "* ich * pol,neric " m "* h 

4. A method according to claim 1, 2 or 3, in which the said gas mixture is at a 
^erature between 40°F. and 90V. and has a relative humidity between 75% 

« cbJk*cf^L 0 j£ m0V ' mg * arb °° dioxide from breathabIe atmosphere in a closed 
35 chamber comprising the steps of passing atmosphere from said chamber through a bed 
£!T?T y • j n exchan § e rcsin at a temperature at which carbon dioxide uTsorbed 
hL ?5 - reSm • , rcnm ? m S atmosphere effluent from said bed to said chamber, said 
dt^TcLZ'f 1 •? d * and an . out, « st °PP^g ^id air flow when the carbon 
1,™ tn ? swd / fflu 5 nt air / eaches a Predetermined concentration; introducing 
40 !? ^dmlet end under such conditions that the steam condenses at the inlet 

££. a I™*?' condensmg steam proceeds lengthwise through the bed whereby 
o^ i - mospherc J aDd carbcn dlC)S,de 313 sequentially eluted from said bed and 
dkrh»r d n IS ""W^ <*«ed atmosphere to said chamber and 

discharging said eluted carbon dioxide outside said chamber 

45 ™rf iit ^ leth ° d ■ a ? pdi « » da "» 5 in which the resin has polyamine functionality 
and at least one secondary amine nitrogen. 

50 » die^^r"^ claim 7 in which * amine compos, of sdd 

9. A method according to any of claims 5 to 8, in which the air is at a temDera- 
ture between 40°F. and 90°F. and has a relative humidity between 75 % and ?5° P ' 
Jv^i mCt T °l s fP a " Un S, carb °a dioxide from a mixture of non-add g'aW 
substantially as described with reference to the accompanying drawings. 

Agents for the Applicants, 
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